Since light is one of the most effective and energy-saving means for changing molecular functions, extensive studies about photoresponsive reagents bearing a photochromic moiety have been reported so far. [1] [2] [3] [4] Spirobenzopyrans, typical photochromic compounds, isomerize from their electrically neutral spirobenzopyran forms to the corresponding zwitterionic merocyanine form, which has a maximum absorption wavelength around 550 nm, by UV-light irradiation, and vice versa by visible-light irradiation and/or heat. [5] [6] [7] [8] [9] Since spirobenzopyrans change not only their conformation but also their electrical properties by photoirradiation, the interaction between the photoionized molecule and a cation may be affected considerably.
Introduction
Since light is one of the most effective and energy-saving means for changing molecular functions, extensive studies about photoresponsive reagents bearing a photochromic moiety have been reported so far. [1] [2] [3] [4] Spirobenzopyrans, typical photochromic compounds, isomerize from their electrically neutral spirobenzopyran forms to the corresponding zwitterionic merocyanine form, which has a maximum absorption wavelength around 550 nm, by UV-light irradiation, and vice versa by visible-light irradiation and/or heat. [5] [6] [7] [8] [9] Since spirobenzopyrans change not only their conformation but also their electrical properties by photoirradiation, the interaction between the photoionized molecule and a cation may be affected considerably.
We had already synthesized spirobenzopyran derivatives bearing a crown ether moiety, which we call crowned spirobenzopyrans [crowned mono(spirobenzopyran)].
We studied their metal-ion complexing abilities, photochromism, and applications to photocontrollable devices. [10] [11] [12] [13] [14] [15] Crowned spirobenzopyrans form complexes with metal ions and simultaneously isomerize from their spirobenzopyran form to the corresponding merocyanine form under dark condition, due to the ionic interaction between the phenolate anion of the merocyanine form and a metal ion complexed by their crown ether moiety (Scheme 1). Therefore, the resulting absorptionspectral changes in the visible region are closely related to the strength of the interaction between the phenolate anion of the merocyanine form and a metal ion. In the presence of a hard metal ion such as an alkali or alkaline-earth metal ion, which interacts strongly with the phenolate anion, the absorption spectrum of merocyanine form shows a blue shift, while it shows a red shift in the presence of a soft metal ion such as Hg 2+ and Ag + .
We have already observed that, on the metal ion complexation of several diazacrown ether derivatives bearing two spirobenzopyran [crowned bis(spirobenzopyran)] in methanol under photoirradiation conditions, the stability constants of the complexes between these compounds and hard multivalent metal ions such as alkaline-earth and rare-earth metal ions were decreased significantly by visible-light irradiation. We also found that the interaction between the phenolate anion of the merocyanine forms and a metal ion was stronger than that for the metal ion complexation of the corresponding crowned mono(spirobenzopyran)s. [16] [17] [18] [19] [20] We have also studied the metal ion extractabilities of crowed mono-and bis(spirobenzopyran)s. Even under dark conditions, these compounds extracted metal ions from an aqueous phase into an organic phase with counteranions. 21, 22 The concentration of Li + extracted into the organic phase by (diaza-12-crown-4)-bis(spirobenzopyran) was increased by UV light irradiation, while it was remarkably decreased by visible-light irradiation. The slope for the calibration graph, that is, the sensitivity in the Li + analysis, was increased remarkably by UV light irradiation. We thus concluded that (diaza-12-crown-4)-bis(spirobenzopyran) is a promising candidate for the extraction-flow injection spectrophotometric reagents for Li + in blood and in the environment.
The higher values of extractability and photoresponse of crowed bis(spirobenzopyran)s compared to those of crowned mono(spirobenzopyran)s suggest that the further introduction of spirobenzopyran moiety to the crown ether moiety may improve the performance of photocontrollable extraction reagent for metal ions. It is also of much interest to know what happens if more than two spirobenzopyran moieties are incorporated into the crown ether.
In this paper, we report the metal-ion complexing abilities of crowned oligo(spirobenzopyran)s, which possess three or four spirobenzopyran moieties, 1 and 3, and their analogues, 2 and 4 ( Fig. 1) , and their photocontrollable metal-ion extraction by using a flow injection system.
Experimental

Materials
1,7,13-Trioxa-4,10,16-triaza-cyclooctadecane, triaza-18-crown-6, was prepared according to a procedure reported previously. 23 Metal nitrates, tetramethylammonium perchlorate (TMAClO4), and tetramethylammonium hydroxide (TMAOH) were of analytical grade and were used without further purification. The Good's buffers, 2-morpholinoethanesulfonic acid monohydrate (MES) and N-cyclohexyl-3-aminopropanesulfonic acid (CAPS) and 1,2-dichloroethane were of analytical grade and were used without further purification. Water was deionized.
Synthesis Tris(spirobenzopyran)-triaza-18-crown-6, 1.
Under N2 atmosphere, a solution of 1,3,3-trimethyl-8′-chloromethyl-6′-nitrospiro[(2H-1) benzopyran-2,2′-indoline] 24 (1.7 g, 4.5 mmol), triaza-18-crown-6 (0.4 g, 1.5 mmol), and triethylamine (1.0 g, 10 mmol) in dry THF (30 mL) was refluxed for 24 h. After the solvent was removed in vacuo, the crude product was purified by recrystallization from ethanol/chloroform to yield a brown powder of the compound 1 (yield: 60%); mp 108 -109˚C. Tri-iso-butanoyl-triaza-18-crown-6. Triaza-18-crown-6 (0.26 g, 1 mmol), triethylamine (0.6 g, 6 mmol) and chloroform (50 mL) were placed into a three-necked flask at room temperature.
A chloroform solution (50 mL) of iso-butanoyl chloride (0.32 g, 3 mmol) was added dropwise to the mixture, and the reaction mixture was refluxed for 1 h. After being cooled to room temperature, the reaction mixture was poured into water, and then the resulted solution was extracted with chloroform. Evaporation off of the organic solvent in vacuo afforded a paleyellow liquid of pure product (yield: 100%).
Tri-iso-butyl-triaza-18-crown-6, 2.
A solution of tri-isobutanoyl-triaza-18-crown-6 (0.47 g, 1 mmol) in dry THFchloroform (50/50 vol.) (20 mL) was added dropwise to a dry THF solution (50 mL) of LiAlH4. The reaction was stirred for 24 h at room temperature, and the excess of LiAlH4 was treated by addition of HCl. The reaction mixture was poured into aqueous LiOH, and the resulting solution was extracted with chloroform. The organic solvent was removed in vacuo, and the crude product was purified by alumina column chromatography to afford a pale-yellow liquid (yield: 90%); 
Cation extraction and absorption spectral measurements
The cation extractabilities of compounds 1 -4 and absorption 404 ANALYTICAL SCIENCES APRIL 2005, VOL. 21 spectral changes of the organic phases containing compounds, 1 and 3, were examined under different photoirradiation conditions using a flow injection system. 22 A diagram of the flow injection system is shown in Fig. 2 . In this experiment, a flow injection system was applied to the extraction process, because the reproducible irradiation of UV and visible light is difficult in a bath system. The polytetrafluoroethylene (PTFE) tubing used in this experiment was of 0.25-and 0.5-mm inner diameter; it was wound around with black tape to prevent any stray light. 1,2-Dichloroethane and an aqueous solution were flowed independently at a constant rate (1 mL min -1 ) by a plunger pump (DMX-2000, SANUKI) and were mixed at a segmentor. The aqueous solution contained TMAClO4 (2 × 10 -3 M) for supplying a counter anion and was adjusted to pH 6 by Good's buffers and TMAOH. Aliquots (100 µL) of an aqueous sample solution (2.0 × 10 -4 M, metal nitrate) and a crown ether solution (2.0 × 10 -4 M) were injected simultaneously by using injection valves. The mixed solution was passed through the extraction coil (8.5 m, 0.5-mm inner diameter), and then was separated into the aqueous and organic phases at a flow-through phase separator with a microporous membrane filter (Fluoropore, pore size 1.0 µm, SUMITOMO ELECTRIC). After the phase separation, aliquots of the aqueous phases were subjected to the determination of metal ion concentration by using flame photometry, atomic absorption spectrometry (AAS), or inductively coupled plasma-atomic emission spectrometry (ICP-AES). Aliquots of the organic phases were also batched off and subjected to the absorption-spectral measurements. The cation extraction experiments were carried out under dark, UV-(300 -400 nm) and visible-light (> 500 nm) irradiation conditions. UV light was irradiated on the organic phase through the PTFE tube just before the segmentor, and then visible light was irradiated on the extraction coil just before the membrane phase separator. UV and visible light beams were obtained by passing a light from a Xe lamp through a UV-D36 (ASAHI TECHNOGLASS) and a Y-50 (ASAHI TECHNOGLASS) color filters, respectively.
Determination of extraction equilibrium constants
The determinations of the extraction equilibrium constant (Kex) and the composition ratio of the metal ion complex extracted into the organic phase were carried out using a batch system under dark condition, because a flow injection system makes it difficult to determine the concentration of metal ions and extractants. An aqueous solution containing metal nitrate (2.0 × 10 -5 M) and LiClO4 (5 × 10 -3 M) (pH 6 by Good's buffers and LiOH), to supply a counteranion, and a 1,2-dichloroethane solution containing an extractant (1.0 × 10 -5 -4.0 × 10 -5 M), were mixed and then shaken for 60 min under dark conditions. After the phase separation, an aliquot of the aqueous phase was subjected to the determination of metal ion concentration by using AAS. The extraction equilibrium between an aqueous phase of a metal ion (M n+ ), a counter anion (X -), and an organic phase of a crown ether derivative (L), may be represented by the following equation:
where LmMXn designates an ion pair between a crown ether complex with metal ion (LmM n+ ) and the counter anion, and the subscripts "o" and "a" mean the organic and aqueous phases, respectively. Since the concentration of the complex in the aqueous phase can be neglected, the distribution ratio of a given metal ion (DM) is represented as follows:
Also, Eqs. (1) and (2) can be converted to Eq. (3) log
Therefore, the extraction equilibrium constant (Kex) and the composition ratio (m) of the metal ion complex extracted into the organic phase were determined by the plots of log DM/[
The extraction equilibrium constant and the composition ratio of the metal ion complex were computed from the slope and the intercept of the straight line, respectively.
Results and Discussion
Metal ion extractability under dark conditions
Metal-ion extraction experiments using compounds 1 -4 as extractants were carried out by a flow injection system under dark conditions. The buffer solution containing excess ClO4 -to the extractant was used as the aqueous carrier and 1,2-dichloroethane was used as the organic carrier. A metal ion aqueous solution and an organic solution of crown ether derivatives were injected at the same time into each of the carriers. The percentages of metal ion extracted by compounds 1 -4 from the aqueous phase to the organic phase are listed in Table 1 .
Among the heavy metal ions, Cu 2+ , Ag + , and Pb 2+ were extracted efficiently with all of the compounds. Especially, compounds, 1, 2 and 4, exhibited some Ag + selectivity on the extraction. The other metal ions, such as alkali metal, alkaline earth metal, and rare earth ions were, however, not extracted into the organic phase by any of the crown ether derivatives, due to the lower stabilities and distribution coefficients of the complexes with compounds 1 -4.
Compounds 1 and 3, which carry spirobenzopyran moieties, exhibited the higher metal-ion extractabilities than those of the corresponding analogues 2 and 4 bearing only iso-butyl groups, respectively, except for the extraction system of Ag + by compound 3. Those results suggest that the spirobenzopyran moieties of crowned spirobenzopyrans contribute to the metalion. In the case of compound 3, the extractability for Ag + was decreased as compared with that of compound 4. Thus, the specific affinities of azacrown ether derivatives bearing plural spirobenzopyran and iso-butyl moieties for heavy metal ions 405 ANALYTICAL SCIENCES APRIL 2005, VOL. 21 such as Cu 2+ , Ag + , and Pb 2+ were observed during the liquid-liquid extractions. Figure 3 shows typical plots of log DM/[ClO4 -] vs. log[L]o for the extraction system of Ag + . The extraction equilibrium constants (Kex) and composition ratio of the metal ion complexes were determined from the slopes and intercepts of the straight lines obtained, respectively.
Extraction equilibrium constants and composition ratio
As shown in Table 2 , the composition ratios of the compound and the metal ion for the complexes are 1:1 for any of the Cu 2+ and Ag + complexes. The metal ion extraction equilibrium constants of crowned spirobenzopyrans, 1 and 3, are greater than their corresponding analogues, 2 and 4, respectively, except for the extraction system of Ag + with compound 3.
Thus, the extractabilities of crowned oligo(spirobenzopyran)s were evaluated quantitatively by determination of the extraction equilibrium constants in this experiment.
Absorption spectra for organic phases
The absorption spectra of the organic phases containing 1 and 3 were measured after the liquid-liquid extraction under dark conditions. As mentioned above, crowned spirobenzopyrans are isomerized from their spiropyran forms to their merocyanine forms and are colored by the complexation with metal ion even under dark conditions (Fig. 4) . Therefore, the metal-ion extractabilities of crowned spirobenzopyrans can be evaluated from the absorption spectral changes during the liquid-liquid ion extraction.
Also, during the liquid-liquid extraction, the crowned spirobenzopyrans are isomerized to the corresponding merocyanine form by the protonation on the nitrogen atom of the crown ether ring under dark conditions, due to the interaction between the phenolate anion and the proton on the nitrogen atom. Therefore, the absorption spectrum observed in the absence of metal ion is attributable to the extraction of an ion pair of the protonated compound with perchlorate ion. In the case of crowned tris(spirobenzopyran) 1, significant absorption spectral changes were observed on the extraction of Cu . Interestingly, the absorption maximum of compound 1 on the extraction of Cu 2+ showed a blue shift, while that on the extraction of Ag + showed a red shift. On the other hand, very little absorption spectral change was observed in the case of metal-ion extraction using crowned tetrakis(spirobenzopyran) 3, due to the low metal-ion extractability of compound 3. Actually, a more remarkable red shift was found when the Ag + extractability of compound 3 was enhanced by the pH increase in the aqueous phase.
The blue and red shifts of the absorption maximum for the organic solution containing compound 1 on the extraction of Cu 2+ and Ag + , respectively, are related to the interaction between phenolate ions of merocyanine moiety and the respective metal ion. It is well known that the stronger the interaction between the phenolate ions of merocyanine moiety and a metal ion is, the larger the blue shift of the absorption maximum is. 14 ] were determined by ICP-AES. The error is within ±3%. bound to the crown ether moiety and the phenolate ions in the merocyanine form results in the blue shift of the absorption maximum. On the other hand, some red shift in the absorption maximum was observed on the Ag + extraction. These results indicate that the phenolate ion interacts with Cu 2+ much more strongly than with Ag + .
Effect of photoirradiation on metal ion extractability
The percentages of metal ions extracted from the aqueous to organic phases by crowned spirobenzopyrans were determined under photoirradiation conditions in the manner described above. As shown in Fig. 5 , the extractabilities of compounds 1 and 3 for Cu 2+ were definitely enhanced by UV-light irradiation, but were decreased by visible-light irradiation. The ionic interaction between Cu 2+ complexed by the crown ether moiety and the phenolate ions of merocyanine forms is very powerful, as shown by the absorption spectral changes. Therefore, the isomerization from the spirobenzopyran to merocyanine induced by UV-light irradiation promoted the extraction of Cu 2+ from the aqueous phase to organic phases. To the contrary, the Ag + extractability of compound 1 was decreased by UV-light irradiation, while that of compound 3 was insensitive to the photoirradiation. Actually, since the Ag + is a soft metal ion, the red shift of the absorption maximum was observed on the Ag + extraction with crowned spirobenzopyrans. Therefore, no extractability change of compound 3 for Ag + was found by photoirradiation, as anticipated from the very weak interaction of Ag + with the phenolate ion. However, the photoinduced decrease in the Ag + extractability of compound 1 was not as anticipated. In this study, the aqueous solution, which was flowed at a constant rate, was adjusted to pH 6 by a buffer solution. The metal-ion complexation is in competition with the protonation on the nitrogen atoms of the azacrown ether moiety of the compounds. Obviously, the proton in the aqueous solution prevents the complexation of Ag + with 1 and 3, since the protonation of the compounds is enhanced by UV-light irradiation due to the formation of the phenolate ion by the isomerization of spirobenzopyran moieties to their merocyanine form. Therefore, in order to prevent the protonation on the nitrogen atom of crown ether moiety, we also carried out the extraction experiments using the aqueous solution adjusted to pH 9 (Fig. 6) . In spite of the decrease in the proton concentration, however, the retardation of Ag + extraction by compound 1 was still seen on UV-light irradiation. This result indicates that the proton concentration in the aqueous phase is not closely related to the Ag + extractabilities of compounds 1 and 3. Although the details of this mechanism for the photoinduced decrease in the Ag + extractability are not understood yet, the plural merocyanine moieties of crowned oligo(spirobenzopyran)s formed by UV-light irradiation might exert some steric hindrance on the Ag + complexation.
Photoinduced switching of metal ion extractability UV-light irradiation enhanced the Cu 2+ extraction with compound 1, whereas it suppressed the Ag + extraction. This is a very intriguing phenomenon in the metal ion extraction with crowned spirobenzopyrans. One can expect that compound 1 will exhibit a different metal-ion selectivity on the liquid-liquid extraction under photoirradiation conditions from that under dark conditions. Figure 7 shows a typical photoinduced switching behavior in the metal-ion extractability of compound 1 for Cu 2+ and Ag + . Under dark conditions, the concentration of Cu 2+ extracted into the organic phase was lower than that of Ag + even on addition of two-times excess Cu 2+ to the aqueous phase. The extractability order was reversed clearly by UV-light irradiation, since the extractability of Cu 2+ with 1 was increased markedly, with that of Ag + being decreased by UV-light irradiation. Thus, the photochemical control of the metal-ion selectivity on the liquid-liquid extraction is feasible by appropriate molecular designing of photochromic crown ether derivatives.
Conclusions
During the liquid-liquid extraction of metal ions with the crowned oligo(spirobenzopyran)s bearing three or four 407 ANALYTICAL SCIENCES APRIL 2005, VOL. 21 spirobenzopyran moieties and their analogues, the high affinities for heavy metal ions such as Cu 2+ , Ag + , and Pb 2+ were observed under dark conditions. The extractabilities of crowned oligo(spirobenzopyran)s, 1 and 3, for the metal ions were generally higher than those of the corresponding analogues bearing iso-butyl groups. The flow injection system of the extraction process realized the reproducible photoirradiation to the organic and aqueous phases, which in turn enables us to study the photoirradiation effect on the metal ion extraction. The extractabilities of crowned oligo(spirobenzopyran)s for Cu 2+ were definitely augmented by UV-light irradiation, while they were decreased by visible-light irradiation, based on the differences in the interaction between the metal ion bound to the crown ether moiety and phenolate ions of the merocyanine moieties. On the other hand, the Ag + extractability of crowned tris(spirobenzopyran) 1 was decreased by UV-light irradiation, while that of crowned tetrakis(spirobenzopyran) 3 was insensitive to the photoirradiation. During the competitive extraction of Cu 2+ and Ag + with crowned tris(spirobenzopyran) 1, therefore, the metal ion selectivity was switched by UV-light irradiation.
Thus, the crowned oligo(spirobenzopyran)s employed here are promising candidates as photoswitchable extractants for Cu 2+ and Ag + .
